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ABSTRACT

Kinetics and mechanisms of intermediate phases formation in Ba(Mg,,,Ta,,)O,, obtained by a solid state reaction were studied.
BaTa,0; and Ba,Ta,0, as intermediate products were first formed at 700°C. Ba(Mg,;Ta,,)0, was appeared at 800°C. Several
reactions take place on heating process. BaTa,0, is found at the first stage of the reaction, and then BaTa,0, or Ba,Ta,0, react
with MgO to form Ba(Mg,,Ta,,)O,. The reaction of Ba(Mg,,Ta,,)0, formation does not complete until fired at 1350°C for 60 min.
The kinetics of solid-state reaction between powdered reactants was controlled by diffusion mechanism, and can be explained by

the Jander’s model for three-dimensional diffusion.
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1. Introduction

a(Mg . Ta,,)O, (herein designated as BMT) is one of the

few complex perovskite compounds that exhibits ultra-
low dielectric loss at microwave frequencies (>10 GHz). Its
quality factor (Q - £) was reported the range of 150,000 to
360,000 GHz, dielectric constant of 25 and almost zero tem-
perature coefficient of frequency."™ These distinguishing
features of BMT have resulted in considerable interest on
the synthesis of this material.**"" However, the problem is
that BMT ceramic is difficult to sinter. In general, the sin-
tering temperature of BMT ceramics is higher than 1600°C.
Many works on this material have been performed in order
to improve the sinterability. Solution chemistry technique
offers an alternative approach for synthesis of BMT pow-
ders.*” Dense mono-phase BMT ceramics (96%-98% of the
theoretical density) were prepared at low firing tempera-
ture of 1400°C using the sol-gel derived powder.” However
the Q - f product of the BMT ceramics prepared by solution
chemistry technique was lower than that of the conven-
tional solid-state reaction method.*” Therefore it becomes
important to analyze the phase development and formation
mechanism according to firing process in solid state reac-
tion.

Furthermore, there is little information concerning the
mechanism and kinetics of the BMT formation by solid-
state reaction in literature. Kakeqawa et al. found that only
BaTa,0, was formed as an intermediate product by the
solid-state reaction method.”

The first theoretical model for the mechanism and kinet-
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ics of solid-state reaction on the powdered reactants had for-
mulated by Jander in 1927."%'® Since then, a large number
of rate equations (models) have been proposed. The rates of
reactions are usually interpreted in terms of various equa-
tions based on physical models, but not always with great
success. In addition, the rate of solid-state reaction depends
on the factors of particle size, its distribution and previous
history of the reactants themselves. So, in this study the
particle system with narrow size distribution (= 1 to 3 um)
was selected. To clarify the mechanisms and kinetics of the
BMT formation, we investigated the system of BaCO, - 1/3
MgO - 1/3 Ta,O; using isothermal quenching technique,
thermal analysis and X-ray diffractometry.

2. Experimental

Barium carbonate (99.9%), magnesium oxide (99.9%) and
tantalum oxide (99.95%) were used as raw materials. The
molar ratio of BaCO,: MgO: Ta,0, was 1: 1/3: 1/3. The sam-
ples were prepared by grinding the oxides mixture in a mill-
ing pot containing agate balls and distilled water. The
particle size of the mixture was reduced to = 1 to 3 um after
grinding. The mixture was then dried at 100°C for 4 h.

The samples in a small platinum crucible were placed at
hot zone of the tube furnace being controlled within + 1°C.
Two sets of experiments were carried out. The first set was
designed to investigate the sequence of phase change of the
mixtures during heating. The phase changes in this mixture
are plotted in Fig. 1 as a function of firing temperature. The
samples in this set were heated up to the desired tempera-
ture with heating rate of 600°C/h, and then air quenched.
The weight of the sample was also measured before and
after quenching, respectively, to know the weight loss of
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Fig. 1. Phases intensity (%) vs. reaction temperature for
BMT samples with heating rate of 600°C/h.

each sample.

The second set of the experiments was designed to study
the kinetics. The samples were treated at selected tempera-
tures for up to 720 min. and air took out from the furnace
with intervals of 5, 15, 30, 60, 120, 180, 240, 720 min, and
then air quenched.

When barium carbonate reacts with other reactants,
the weight of sample will be reduced corresponding to the
reaction. So the weight loss variation of the samples could
be used as a measurement tool for the extent of reaction.
An extent of reaction, a, is defined as the ratio of the mea-
sured weight loss to the total weight loss. Phase analysis
of the quenched samples was performed by X-ray diffrac-
tometery (CuKa, A = 0.154056 nm). The powders were
scanned between 10° and 75° at 26-0 scanning mode. Sili-
con powder was used as a calibration standard to cali-
brate the data.

3. Results and Discussion

3.1. Intermediate phase and BMT formation mecha-
nism

In order to trace the reaction of BMT formation, the mix-
tures were heated and quenched at various temperatures
without soaking time. Intermediate phases of BaTa,O, and
Ba,Ta,0, were formed at 700°C as shown in Fig. 1. When
the temperature was raised above 800°C, however, BaTa,0,
and Ba,Ta,0, begun to react with MgO to form the BMT,
simultaneously with the further formation of BaTa,0, and
Ba,Ta,0, At temperatures above 1000° and 1100°C,
BaTa,O, and Ba,Ta,0, begun to disappear respectively. The
amount of BMT was linearly increased with increment of
heating temperature. However, two intermediate products,
BaTa,0;and Ba,Ta,0,, were presented until 1400°C. Fig. 1
clearly shows that the following reactions took place during
heating:

BaCO, + Ta,0,~BaTa,0, + CO, 1 &)
BaTa,0; + 3 BaCO,—Ba,Ta,0, + 3 CO, 1 (2)

Vol. 38, No.10
Ba,Ta,0, + 1/3MgO—Ba(Mg,,Ta,,)0,
+ 2/3 BaTa,O; + 7/3 BaO 6]
BaTa, O, + 1/3MgO—Ba(Mg,,Ta,,)0,+1/3 Ta,O, 4
BaO + Ta,0,—BaTa,0, (5)

Both reactions (1) and (2) start at 700°C and the rate of
these reactions is very fast, while both (3) to (5) start at
800°C. At the temperature range between 800°C to 1000°C,
three reactions of -(1), (2) and (3)-are preceeded simulta-
neously. When the temperature is over 1000°C, the reac-
tions are followed by the processes (3), (4) and (5). According
to reactions (3) to (5), the formation of one mole BMT is
accompanied by the appearance of equivalent amount of
Ta,0, or BaTa,0, This may be the reason of secondary
phases observation at such a high temperatures. Intermedi-
ate products of reations (3)—(5) can exist also up to 1400°C.

According to the reactions (1) and (2), the fractions reacted
can be measured by weight change during heating. The
mixtures of starting materials were heated at 700°, 800°,
900° and 1000°C, respectively for desired soaking time and
then quenched. The weight losses of the samples before and
after quenching were measured. Fig. 2 shows fraction trans-
formed () at various reaction temperatures and times. All
curves except at 700°C show a typical parabola. This para-
bolic curve means the characteristics of diffusion-controlled
reaction.

3.2. Kinetics

Theoretical kinetic equations have been derived over the
past 60 years for solid-state reactions of powder. Basically,
solid state reactions can be explained by (a) diffusion-con-
trolled reactions, (b) mechanisms controlled by nucleation
and growth of the product, or (¢) processes occurring at
interfaces, i.e. phase boundary-controlled reactions and
kinetic equations based on the order of reaction.

The rate equations tested in this experiment are shown in
Table 1. To identify the rate equation, the fraction trans-
formed, o vs. time is usually examined by linear plotting F
(o) vs. time. In this investigation the results were compared
by graphical analysis. The results from weight change
shown in Fig. 2 and Table 2 were analyzed whether coin-
cided with the various equations in Table 1. Criterion for
“good fit” is that result should exhibit a linear or preferably
proportional relation throughout the whole experimental
range. The results suggest that only diffusion equation is
satisfying to describe the reaction, as their plots of F () vs.
time. The final results fit with D3, D4 and D5 models well,
but is almost equal to Jander’s equation (6):

1-(1-0"?=kt (6)

where o is fraction transformed, k constant of reaction
rate and t time. Fig. 3 shows the plots of F (o) vs time as a
function of heating temperature. This Jander’s equation
explains the kinetic reactions satisfactorily, and follows the
curve describing the diffusion-controlled mechanism. The
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Fig. 2. Fraction reacted, a vs. soaking time at various tem-
perature for the reaction: 4BaCO, + Ta,0,—Ba,Ta,0,
+ CO,T .

Table 1. Equation Summary of Process Types

Symbols | Model (Type of process) . Fquations .
o Zero order (Beretka)
D1 %;iﬁiﬁz?nsm diffusion o ¢
D2 ;I]‘;vetl)‘;ﬁiz;ension diffusion (L-o)in(1+e) o ¢

D3 Diffusion (Jander) [1-(1-00] 32 :

Diffusion (Ginstling and
Brounshtein)

D4 (1-20/3)-(1-00?* | ¢

D5 Diffusion (Carter) (1+0)2/3+(1-0)** | t
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Fig. 8. Change in fraction reacted at different temperatures
fit to Jander’s equation for the reaction: 4BaCO,
+ Ta,0,—Ba,Ta,0, + CO,1 .

Table 2. Fraction of Reaction Product Formed at Various Heat

Conditions
700°C 800°C 900°C 1000°C
t (min) o t (min)l o |t(min)] o |[t(min)] o
0 |0.00 0 10.00 0| 0.00 0.0 {0.00

30 | 0.0576 6 |0.12 25 0.21 1.0 10.410
60 | 0.0598 10 | 0.17 5.0 | 0.36 2.5 10.879
90 | 0.1042 30 | 037 15.0 | 0.56 5.0 |0.708
120 | 0.1334 45 | 049 | 300|074 | 10.0 |0.853
240 | 01779 60 | 049 | 450 0.83 | 15.0 |0.936
720 | 0.4499 90 |0.59| 61.0| 0.90 | 20.0 |0.979
120 | 0.62 90.0 | 0.93 | 30.0 |0.991
150 | 0.68 | 120.0 | 0.97 | 45.0 |0.997
180 1} 0.73 | 180.0 | 1.00 | 60.0 |1.000

210 | 0.72 90.0 |0.994

F1 Erl;]s;;(r)ﬁﬁl; kinetics In(1+0)™ t
R2 Phase boundary (disk) 1-(1+o)™¥®

R3 Phase boundary (sphere) | 1-(1-c)"

A2 Nucleation (Avrami) [-ln(1+o)]?

data also shows that reactions (1) and (2) will be finished at
1000°C for about 30 min as shown in Table 2. This result is
also confirmed by X-ray diffraction analysis. BaCO, was not
found in the sample fired at 1000°C for 30 min.

The samples heated at the temperature range from 600°C
to 1350°C for 60 min were analyzed by X-ray quantitatively
as shown in Fig. 4. Ba,Ta,0, phase was found at 700°C and
BMT phase was found at 800°C. At 1000°C reactants BaCO,
and Ta,0, disappear but MgO still appear until 1250°C.
Further experiments show that second phase Ba,Ta,0, is
also present in the sample heated at 1350°C for 60 min. Fig.
5 plots the relative intensity of phases as a function of firing
temperature with 60 min soaking time. BMT and second
phase, Ba,Ta,0,, were found at 800°C. No BaTa,0, was
found in this set of samples. It implies that the rate of reac-
tion (2) of Ba,Ta,0, formation is much higher than that of
reaction (1) so that no BaTa,0O, can be detected. Ba,Ta,0,
was increased with increment of firing temperature until
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Fig. 4. XRD patterns for BMT samples heated at various
temperatures for 60 min.

1000°C. The rate of BMT formation mainly depends on the
rate of reaction (3). BMT was increased with increasing
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Fig. 6. Relative intensity (%) of phase vs. soaking time for
the samples heated at 1200°C.

temperature linearly until 1350°C. However, MgO and
Ba,Ta,0, were still presented as second phases even at
1350°C.

Fig. 6. shows the relative amount of phases for the sam-
ples heated at 1200°C with various soaking times. The
intensity of BMT increases clearly before 60 min soaking,
but the intensity increases slowly after that. It implies that
even extended soaking time at 1200°C is not enough to fin-
ish the reaction.

3.3. Interpretation of reaction path

Two intermediate phases are possible to react with MgO
to form the BMT. One path is that BaTa,O; is produced by
equation (1) and then quickly reacted with BaCO, to pro-
duce Ba,Ta,0, by reaction (2). Finally Ba,Ta,0, further
reacts with MgO and O, by reaction (3) to form BMT. There
are three consecutive steps in this first process. This path is
called Ba,Ta,O, path (path I). The other path: BaTa,0, is
produced by equation (1), and then reacted with MgO to
form BMT directly by reaction (4). There are two consecu-
tive steps in this second process, which is called BaTa,O,
path (path II). Therefore, two possible parallel paths for
BMT formation are considered. From the data shown in
Figs. 4, 5 and 6, only Ba,Ta,0, was found in this experiment
set. Therefore, the Ba,Ta,O, path is the major contributor in
the overall processes, while BaTa,O, path with much higher

the first step in the process. The kinetics of BMT formation
by reaction (3) is not explained due to the lack of data for
this reaction.

4. Conclusion

BaTa,0; and Ba,Ta,0, as intermediate phase are first
produced at 700°C, then Ba(Mg,,Ta,,)O, is appeared at
800°C. BaTa,0, is found at the first stage of the reaction,
and then BaTa,O, or Ba,Ta,0, react with MgO to form
Ba(Mg,,Ta,,) O,. The second phase, Ba,Ta,0,, is presented
even at 1350°C. However BaTa,O, phase is not found at 700
°C 60 min soaking. The path I with the lowest energy bar-
rier should be the most rapid and the major contributor to
the overall process. The kinetics of solid-state reaction
between reactants is controlled by diffusion mechanism,
and can be explained by the Jander’s model.
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